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Abstract

This study examines the role of auditory
cortex in the Mongolian gerbil in
differential conditioning to pure tones and
to linearly frequency-modulated (FM) tones
by analyzing the effects of bilateral auditory
cortex ablation. Learning behavior and
performance were studied in a GO/NO-GO
task aiming at avoidance of a mild foot
shock by crossing a hurdle in a two-way
shuttle box. Hurdle crossing as the
conditioned response to the reinforced
stimulus (CR+), as false alarm in response to
the unreinforced stimulus (CR−), intertrial
activity, and reaction times were monitored.
The analysis revealed no effects of lesion on
pure tone discrimination but impairment of
FM tone discrimination. In the latter case
lesion effects were dependent on timing of
lesion relative to FM tone discrimination
training. Lesions before training in naive
animals led to a reduced CR+ rate and had
no effect on CR− rate. Lesions in pretrained
animals led to an increased CR− rate without
effects on the CR+ rate. The results suggest
that auditory cortex plays a more critical
role in discrimination of FM tones than in
discrimination of pure tones. The different
lesion effects on FM tone discrimination
before and after training are compatible
with both the hypothesis of a purely
sensory deficit in FM tone processing and
the hypothesis of a differential involvement

of auditory cortex in acquisition and
retention, respectively.

Introduction

The auditory cortex of mammals is believed to
be the substrate for particular aspects of auditory
stimulus processing, to mediate certain forms of
auditory performance, as well as to play a role in
auditory learning (e.g., Aitkin 1990; Scheich 1991;
Recanzone et al. 1993; Ehret 1997; Scheich et al.
1997). Past studies have revealed large species dif-
ferences in the involvement of auditory cortex
(e.g., Bullock 1997). Moreover, for a given species,
the relevance of auditory cortex seems to be de-
pendent on the complexity of auditory signals as
well as details of the training paradigm. Hence, the
current state of research does not yet allow
broader generalizations about the role of auditory
cortex in stimulus processing and learning inde-
pendent of species, stimuli, and task (e.g., Thomp-
son 1983, 1997; Bullock 1997; Heffner 1997). It is
therefore necessary to determine the relevance of
auditory cortex in important learning and perfor-
mance paradigms for selected species. The present
study examines the role of auditory cortex in the
Mongolian gerbil (Meriones unguiculatus) for be-
havioral discriminations between pure tones and
between frequency-modulated (FM) tones in a dif-
ferential conditioning paradigm. The remaining
part of the introduction motivates the details of the
present experimental approach.

The Mongolian gerbil, a small desert rodent,
was chosen because it has become an important
model system in research on auditory physiology
and plasticity and possesses a well-investigated au-
ditory cortex (for review, see Scheich 1991). It was
suited for the present study because the functional1Corresponding author.
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organization of the gerbil auditory cortex was char-
acterized not only using pure tones (Ryan et al.
1982, 1989; Scheich et al. 1993a; Thomas et al.
1993; Hess and Scheich 1996; Sugimoto et al.
1997), but also using complex and FM tones
(Zuschratter et al. 1995; Ohl and Scheich 1997b;
Schulze et al. 1997). Moreover, physiological cor-
relates of learning-related changes have been dem-
onstrated in the gerbil auditory cortex: Using meta-
bolic labeling techniques large-scale learning-in-
duced alterations of neuronal activity patterns
were found by Scheich et al. (1993b, 1997). The
study by Cahill et al. (1996) revealed a redistribu-
tion of metabolic labeling from primary auditory
cortex to secondary fields after cross-modal light-
tone conditioning. Using single- and multi-unit
electrophysiology our earlier studies have demon-
strated that the receptive fields of single units
in gerbil auditory cortex show frequency-specif-
ic plasticity to pure-tone conditioning (Ohl and
Scheich 1996). Such neuronal plasticity might pro-
vide a potential substrate for auditory learning. The
recently demonstrated learning-induced modula-
tion of the fast (millisecond) time courses of neu-
ronal responses in gerbil auditory cortex (Ohl and
Scheich 1997a) seems especially suited for coding
newly learned information associated with FM
sounds. Despite the abundance of physiological
data on stimulus processing and learning-related
plasticity in the gerbil auditory cortex, its rel-
evance for stimulus processing in the correspond-
ing paradigms has, as it is the case for most species
in auditory research, remained speculatory. It has
been noted that the imbalance between data on
functional auditory cortical organization and data
on functional relevance is especially severe for ro-
dents (M.G. Clark, Y.H. Liu, T.M. Perney, P. Tallal,
and R.H. Fitch, unpubl.). The present study aims to
take advantage of a well-investigated model species
to obtain further insight in the functional relevance
of rodent auditory cortex.

With respect to acoustic stimuli we focused on
FM tones because they form an important class of
stimuli and of stimulus components. FM segments
are abundant in communication sounds of most
mammals (e.g., Collias and Joos 1953; Winter 1966;
Suga 1968; Brown et al. 1978; Newman 1978; Esser
and Lud 1997) including the gerbil (Holman and
Seale 1991; Setzer 1992; Yapa 1994). Also, FM el-
ements occur as perceptually relevant transients in
human speech sounds (e.g., Liberman and Stud-
dert-Kennedy 1978; Bailey 1979; Fitch et al. 1997)
where they can serve as discriminators between

consonant–vowel syllables, and it has been sug-
gested that certain forms of developmental dyspha-
sias are due to a disturbed processing of FM sounds
(Stefanatos et al. 1989). Selectivity to FM param-
eters such as direction of modulation or rate of
change of frequency is generally reported to in-
crease from peripheral to central stations of the
auditory pathway (e.g., Whitfield 1969; Kelly and
Whitfield 1971; Phillips et al. 1991). In the gerbil
auditory cortex several types of neuronal response
patterns to FM tones have recently been described
(Schulze et al. 1997). The electrophysiological
study by Schulze et al. (1997) revealed the exist-
ence of several different response types of units
distributed over separate regions of auditory cor-
tex indicating cortical specializations for the analy-
sis and representation of gross temporal response
properties. Therefore, FM tones appear to be a suit-
able stimulus class to examine auditory cortex rel-
evance especially if lesion effects on FM tone pro-
cessing can be compared to effects on processing
of pure tones, which lack the spectral and tempo-
ral complexity of the former.

For the behavioral analysis we used a shock-
avoidance GO/NO-GO training procedure in a dif-
ferential conditioning paradigm to obtain measures
for conditioned reactions to both the reinforced
stimulus (CR+) and reactions to the unreinforced
stimulus (CR−). This paradigm has recently been
used to describe FM tone-discrimination behavior
and concept transfer in gerbils (Wetzel et al. 1998).
Whereas most of the previous studies investigating
lesion effects on performance in auditory learning
tasks had utilized either classical conditioning para-
digms or detection tasks often requiring the detec-
tion of only a change in stimulus conditions, more
recent studies suggested different mechanisms
of auditory cortex for mediating CR+ and CR−,
respectively (e.g., Jarrell et al. 1987; Teich et al.
1988), making separate record of both behaviors
desirable.

We chose the lesion method, specifically the
total ablation of auditory cortex, to supplement
previous findings from recording experiments
invoking FM stimuli (Schulze et al. 1997). Record-
ing experiments can demonstrate the sensitivity
of neuronal systems to the considered stimulus
classes but are unable to illuminate the relevance
of such systems for processing of stimuli. Although
impairment of processing after lesion does not al-
low the conclusion that the structure is essential
for the function (e.g., Grobstein 1990), it can be
concluded that at least the structure is typically
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involved in processing these stimuli in the context
of the behavioral task studied. To assess the rel-
evance of gerbil auditory cortex in FM tone dis-
crimination it is therefore necessary to study con-
ditioning and performance after eliminating audi-
tory cortical contribution.

Materials and Methods

ANIMALS

Thirty-one male, 3- to 6-month-old Mongolian
gerbils (M. unguiculatus) weighing 65–110 grams
were obtained from a commercial distributor (Mol-
legard, Denmark) and housed in a temperature-
controlled room (23 ± 1 °C) under 12 hr light/12
hr dark cycle (light on 06:00–18:00 hr). Animals
had free access to water and food (rodent food
pellets and sunflower seeds) and received veg-
etables on an occasional basis.

APPARATUS AND TRAINING PROCEDURE

Animals were trained in a two-compartment
shuttle box (E10–E15, Coulbourn Instruments) us-
ing a GO/NO-GO discrimination procedure. The
compartments (18 × 16 × 22 cm) were separated
by a 3-cm-high hurdle. Mild electrical foot shocks
(100–600 µA) applied through the floor grid served
as unconditioned stimuli (US). Training was carried
out in daily sessions consisting of 60 trials each,
that is, 30 presentations of the US-reinforced con-
ditioned stimulus (CS+) and 30 presentations of
the unreinforced conditioned stimulus (CS−) pre-
sented in randomized order after fixed intertrial
intervals of 15 sec. Each trial started with the pre-
sentation of a CS. After 4 sec the CS+ presentation
was followed by a US unless the animal had
crossed the hurdle during CS+ presentation, which
would terminate CS+ presentation and trial and be
counted as a CR+, that is, conditioned reaction to-
ward the CS+. The US lasted for up to 4 sec and
could be terminated by the animal by crossing the
hurdle. If the animal crossed the hurdle after pre-
sentation of the CS−, it was counted as a false
alarm, CR−, that is, conditioned reaction towards
the CS−. Occurrences and times of hurdle cross-
ings were monitored by a computer program.

The CS stimuli consisted of a 4-sec pure tone
(CS+: 0.5 kHz; CS−: 4.0 kHz) in one experimental
group (experiment A) and sequences (0.25-sec CS
followed by 0.25-sec pause) of linear FM tones
(CS+: sweeping from 0.5 kHz to 4.0 kHz; CS−:

sweeping from 4.0 kHz to 0.5 kHz) in two other
experimental groups (experiments B and C). All
stimuli were digitally synthesized (44.1-kHz sam-
pling rate, 16-bit dynamic range) with 5 msec rise/
decay times to reduce spectral splatter and pre-
sented after digital-to-analog conversion using a
commercial computer sound card from a loud-
speaker mounted in the middle of the shuttle box
roof at moderate levels of 65- to 70-dB sound pres-
sure level (as measured by a Brüel & Kjaer 2610
sound level meter connected to a Brüel & Kjaer
4134 condenser microphone located at various po-
sitions in the shuttle box compartments at the ap-
proximate position of the animal’s head).

ANALYSIS OF BEHAVIORAL DATA

Two basic behaviors were monitored as CRs:
GO (hurdle crossing) and NO-GO behaviors. GO
responses were classified as correct responses or
hits (CR+, i.e., CR elicited by the CS+) or false
alarms (CR−, i.e., CR elicited by the CS−). CR+
rates, CR− rates, intertrial crossing rates (hurdle
crossings occurring in the intertrial interval) as
well as mean crossing times (times between stimu-
lus onset and hurdle crossing) were calculated
from the stored data for each animal and session.
Rates were expressed as relative frequencies by
dividing the count of behaviors by the number of
trials. Discrimination performance was quantified
by the measure D = (CR+ rate) − (CR− rate) and
tested using the Wilcoxon test on a significance
level of P < 0.05 against the null hypothesis of
equal CR+ and CR− frequencies of occurrence.
Group means and standard errors of mean (S.E.M.)
were calculated from individual CR+ and CR− rates
as well as for individual mean crossing times. Dif-
ferences in mean performance and in mean cross-
ing times between lesioned and control groups
were tested by the Mann-Whitney U test on a sig-
nificance level of P < 0.05 against the null hypoth-
esis of equal performance and crossing times, re-
spectively. The significance level was chosen to
facilitate comparison of results between different
experiments in this study and with published data
(Wetzel et al. 1998). In experiment A, additional
testing of discrimination performance on single
sessions and single animals was performed by sub-
mitting a fourfold table, constructed from the four
combinations of CR+ and CR− as responses to CS+
and CS− stimuli, to a x2 test. Differences in learning
performance between animals of experiment B
and preoperative performance of lesioned and
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sham-lesioned animals in experiment C were
tested using the Kruskal-Wallis H test on a signifi-
cance level of P < 0.05. On the data from one ani-
mal in experiment C Dixon’s outlier test was per-
formed on the differences between mean preop-
erative discrimination performance (D values
averaged over the last four sessions preceding the
operation) and mean postoperative discrimination
performance (D values averaged over all sessions
after the operation) on a significance level of
P < 0.05.

LESION PROCEDURE

Auditory cortex lesions and sham-lesions were
performed under deep ketamine anesthesia (xyla-
zine, 2 mg/100-gram body weight, i.p.; ketamine,
20 mg/100-gram body weight, i.p.). Bilateral audi-
tory cortex lesions were executed by thermoco-
agulation of auditory cortex after skin removal and
drilling of a hole (4 mm diam.) into the skull over
the temporal cortex. The cylindrical coagulator
was moved through the skull opening tangentially
over the most lateral convexity of the temporal
cortex in a dorsoventral fashion (Fig. 1A, left) en-
suring correct localization and completeness of le-
sion (Fig. 1B). After thermocoagulation the skin
was closed over the trepanation area and sealed
with tissue glue. Animals were treated with a local
anesthetic (10% lidocaine spray) and local applica-
tion of antibiotics (0.25% neomycin paste). Sham-
lesioned gerbils were operated on the same man-
ner except for the thermocoagulation. All animals
were given 2–5 days for recovery after the opera-
tion.

HISTOMETRIC ANALYSIS OF LESIONS

Localization of lesion was verified and extent
determined after completion of behavioral experi-
ments using 2-fluoro-2-deoxy-D-[14C(U)] glucose
(FDG) autoradiography of serial horizontal brain
sections (Fig. 1, A, right, and B). In addition to the
anatomical verification to which classical methods
are restricted this method allows assessment of the
functional effectiveness of the lesion by investigat-
ing metabolic labeling. Compared to more classical
techniques this method is additionally suited for
our purpose because of the minimal stereometric
distortion due to the dispensability of histological
fixation techniques. The method has been detailed
elsewhere (Scheich et al. 1993a). In short, animals

were injected i.p. with 18 µCi of radioactively la-
beled FDG and exposed to a 45-min stimulation
with repeated test pulses (0.5-sec pure tone, 1 kHz
at 60–75 dB SPL followed by 0.5-sec silence) in a
sound-attenuated illuminated chamber. This con-
figuration labels all fields of the auditory cortex
with a peak of labeling along the 1-kHz isofre-
quency contours in all fields (Scheich et al. 1993a)
and also allows identification of the neighboring
somatosensory and visual cortices. Autoradio-
graphs were obtained from 40-µm serial horizontal
sections. Autoradiographs of every other second
section were optically magnified (8×), recorded by
a CCD camera, and digitized for computerized his-
tometric analysis using the NIH-image system yield-
ing a 80-µm resolution for the histometric analysis
in the dorsoventral direction. In each recorded
horizontal section the area of the lesion site was
determined and the corresponding volume was de-
termined by multiplying by 80 µm.

Results

Three experiments were conducted in this
study: Experiments A and B studied the effects of
bilateral auditory cortex lesion on the acquisition
of pure tone discrimination and FM tone discrimi-
nation, respectively, in a foot shock-motivated GO/
NO-GO paradigm. Effects produced by the lesion
were found only in experiment B and subsequently
compared with lesion effects on retention in ani-
mals previously trained to discriminate FM tones
(experiment C). After completion of behavioral ex-
periments size and locus of lesion were examined
using FDG autoradiography. The following report
includes only those animals in which lesion cov-
ered but did not exceed the entire auditory cortex
as defined by functional FDG mapping (Scheich et
al. 1993a).

LESIONS

Position and spatial extent of the bilateral au-
ditory cortical lesions were determined using FDG
autoradiography (see Materials and Methods) to en-
hance detection of possible functional cortical ac-
tivity remaining after the lesion. Figure 1A shows a
schematic diagram of the lesion procedure (left
panel) and an autoradiograph from a horizontal
section through the brain of a control gerbil illus-
trating the position of the auditory cortex after
stimulation with a 1-kHz test tone (right panel). In
the autoradiograph such a test stimulus produces
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radial bands of metabolic labeling in the auditory
cortex. Although these bands reach their highest
optical density in the region of the tonotopic rep-
resentation of the test stimulus frequency they al-
low in their entirety the localization and determi-
nation of spatial extent of the auditory cortex
(Scheich et al. 1993a). Two radial stripes, corre-
sponding to the two auditory cortical core fields AI
and AAF, are visible at rostrocaudal positions cen-
tered around the anterior tip of the hippocampus.
Often, somatosensory and visual cortical activity
can also be seen as radial bands in the autoradio-
graphs of horizontal sections marking the location
of these cortices.

The autoradiographic analysis of serial hori-
zontal brain sections revealed that the described
lesion method allowed a relatively precise ablation
of auditory cortex with no obvious sign of interfer-
ence with functional activity in somatosensory and
visual cortical areas and subcortical structures. Fig-
ure 1B shows the smallest and largest lesions pro-
duced in each of the experimental groups. In all

groups position and spatial extent of lesions were
similar to each other and the differences between
smallest and largest lesions are relatively small in
each group. In no case was functional auditory cor-
tical activity detectable after the lesion nor did the
lesion significantly extend the region of the audi-
tory cortex. In the smallest lesion in experiment C
a thin medial rim of cortical tissue remained after
the lesion on the right side but did not show any
traces of the high-contrast radially oriented stripes
of tone-evoked metabolic activity. In two gerbils
used in experiment C a thin rim of increased FDG
labeling could be detected at the rostral border of
the lesion, indicating either an artificially induced
increased activity at the lesion site or a remaining
trace of neural activity in field AAF due to an audi-
tory cortex that was atypically far shifted into the
rostral direction (for the variance of rostrocaudal
position of field AAF, see Scheich et al. 1993a).
Because the labeling trace did not indicate survival
of an intact field these two gerbils were not ex-
cluded from the analysis. Figure 2 shows the

Figure 1: (A) (Left) Schematic diagram of lesion proce-
dure. Position and dorsoventral movement of the ther-
mocoagulator are displayed relative to a gerbil brain.
(Right) Autoradiograph of horizontal section through a
gerbil brain. Dark areas in the autoradiographs indicate
increased metabolic activity. In the cortex, metabolic
labeling is apparent as radial stripes in somatosensory
cortex, auditory cortex, and visual cortex. Note in audi-
tory cortex two dark bands in the auditory cortex, cor-
responding to fields AI and AAF, as the characteristic
activation pattern produced by a 1-kHz pure tone test
stimulus presented at 60–75 dB SPL (see Materials and
Methods) for precise localization of the auditory cortex
on the most lateral convexity of the temporal cortex.
(AUD) Auditory cortex; (CER) cerebellum; (HIP) hippo-
campus; (SOM) somatosensory cortex; (STR) corpus
striatum; (VIS) visual cortex. (B) Autoradiographs of hori-
zontal brain sections displaying the smallest and the
largest lesions produced in experiments A, B, and C.
Sections are oriented as in A, right; asterisks (*) mark the
bilateral auditory cortex lesion. Note the precision of
lesion locus and absence of any remaining tone-evoked
activity near the lesion site in all experiments as well as
the small variability of lesion extent within and across
experiments. Note in the smallest lesion in experiment C
a small rim of tissue that had remained after the opera-
tion in right temporal cortex but did not show any meta-
bolic labeling.
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results of a quantitative histometric analysis of
the lesions based on measuring the lesion area in
serial horizontal brain sections along the dorso-
ventral extent of the lesion with an 80-µm resolu-
tion in that direction (Fig. 2A). Dorsoventral pro-
files of lesion area showed a maximum at dorso-
ventral positions between 0.5 mm and 1.0 mm ven-
tral to the dorsal tip of the corpus striatum. This
curvature reflects the intersection of the cylindri-
cal track of the coagulator with the lateral con-
vexity of the temporal cortex. Lesion volumes
were calculated from these profiles and were
found to be in the range from 4.2 mm3 to 4.8
mm3 in left and right auditory cortices for all three
experiments (Fig. 2B). Mean lesion volumes
were determined to 4.31 ± 0.96 mm3 (left) and
4.22 ± 0.10 mm3 (right) in experimental group
A, 4.67 ± 0.63 mm3 (left) and 4.76 ± 0.64 mm3

(right) in experimental group B, and 4.36
(0.08 mm3 (left) and 4.17 ± 0.27 mm3 (right)

in experimental group C (Fig. 2B). There were
no statistical differences between the six deter-
mined mean lesion volumes (Kruskal-Wallis,
P > 0.1;H = 3.87 < x2

crit;df = 5;P # 0.1 = 9.21).

EFFECTS OF LESION ON THE AQUISITION OF PURE
TONE DISCRIMINATION (EXPERIMENT A)

The effects of lesion on the acquisition of pure
tone discrimination were studied using previously
untrained animals receiving either auditory cortex
lesion (n= 4) or sham-lesion (n = 4). Both groups
were trained in daily sessions to discriminate a 0.5-
kHz pure tone from a 4.0-kHz pure tone. The
group performances D (differences between CR+
rate and CR− rate) of both the lesioned and control
group reached significance (Wilcoxon, P < 0.075;
Wcrit.;n = 4 = 0) after session 4 (Wn = 4 for the eight
sessions: 1.5, 1.5. 2, 0, 0, 0, 0, 0), stabilizing at
asymptotic levels of 60% (see Materials and Meth-
ods section for details on stimulus parameters,
training paradigm, and data analysis). A small dif-
ference in group performance detectable on
session 2 was not significant and was reflective
of the fact that already in session 2 two animals of
the control group had reached an individual x2

statistic (see Materials and Methods) exceeding
x2

crit;df = 1;P # 0.05 = 3.84. Group mean values of
discrimination performance D showed no signifi-
cant differences (Fig. 3). In both groups the time

Figure 2: Histometric analysis of lesion volumes. (A)
Representative example of lesion areas determined in
serial horizontal brain sections of one gerbil along the
dorsoventral direction for the left (j) and right (h) hemi-
sphere. Positions along the dorsoventral direction were
referenced to the dorsoventral position of the dorsal tip
of the corpus striatum as a convenient anatomical land-
mark (Scheich et al. 1993a). (B) Comparison of mean
lesion volumes in left (solid bars) and right hemispheres
(open bars) for experiments A, B, and C. No statistical
differences could be detected between these groups
(Kruskal-Wallis, P > 0.1).

Figure 3: Time course of discrimination performance
D over 8 sessions of pure tone discrimination training
after lesion (experiment A). Plotted are group mean val-
ues (n = 4) and standard errors of means (error bars point
downward for lesion group and upward for control
group). There were no significant differences between
the experimental group (d) with bilateral lesion of the
auditory cortex and the sham-lesioned control group
(s). A weak but nonsignificant difference of discrimina-
tion performance was seen in session 2.
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courses of CR+ and CR− rate development as well
as asymptotic performance level were similar to
earlier observations of FM tone discrimination be-
havior (Wetzel et al. 1998). Mean crossing times
gradually declined from 7.0 ± 4.2 sec in the first
session to 2.5 ± 1.2 sec in the eighth session for the
lesioned group and from 6.3 ± 5.4 sec to 2.8 ± 1.0
sec in the sham-lesioned group. There were no
significant differences in CR+ rate, CR− rate, and
mean crossing times or intertrial activity between
the lesioned and the control group either.

EFFECTS OF LESION ON THE AQUISITION OF FM
TONE DISCRIMINATION (EXPERIMENT B)

The effects of lesion on the acquisition of FM
tone discrimination were studied using a previ-
ously untrained group of animals. Animals received
bilateral lesion of auditory cortex (n = 6) or sham-
lesion (n = 6) and were subsequently used in FM
tone discrimination training. Sham-lesioned con-
trols showed normal development of discrimina-
tion performance over trials yielding >60% perfor-
mance level and >80% CR+ rate from session 6 on
in accordance with earlier observations on the tem-
poral development of performance in FM tone dis-
crimination (Wetzel et al. 1998) and the temporal
development observed for pure tone discrimina-
tion (experiment A). Auditory cortex lesioned ani-
mals showed a decreased rate of development and
a reduced asymptotic level of discrimination per-
formance (D < 40%). Significant (Mann-Whitney U,
P < 0.05, critical U values: Un1 = n2 = 6;P # 0.05 = 5
for sessions 1–12 and Un1 = 5;n2 = 6;P #0.05 = 3 for
sessions 13 and 14) differences of group means of
discrimination performance between lesioned and
control animals could be observed from session 2
on (Mann-Whitney U values for sessions 1–14:
18.0, 0.0, 1.0, 4.5, 4.0, 0.0, 0.0, 3.0, 0.5, 2.0, 3.0,
3.0, 0.0, 5.0) (Fig. 4A).

When CR+ rate and CR− rate were analyzed
separately it was revealed that the impairment in
discrimination performance in terms of rate of per-
formance development and asymptotic level of
performance were mainly due to effects on the
CR+ rate rather than the CR− rate (Fig. 4B,C):
Whereas the control group attained a >60% CR+
rate from session 4 on, the lesioned group showed
a slower initial development of CR+ rate and a
reduced saturation level between 30% and 50%
(Fig. 4B); group mean values of CR+ rate differed
significantly (Mann-Whitney U, P < 0.05) between
lesioned group and controls from session 2 on

(Mann-Whitney U values for sessions 1–14: 17.5,
0.0, 2.0, 8.0, 0.5, 1.5, 1.0, 3.0, 0.0, 1.0, 4.0, 3.0, 0.0,
3.5). The CR− rate stabilized at relative frequencies
<25% already after session 2 in both lesioned and

Figure 4: Time courses of FM tone discrimination per-
formance D (A), CR+ rate (B), and CR− rate (C) in pre-
viously naive lesioned gerbils (d) and sham-lesioned
controls (s) (experiment B). Plotted are group means
(n = 6) and standard errors of means. In panel C error
bars associated with the data for lesioned group point
downward, those associated with the control data point
upward. Significant (Mann-Whitney U, P < 0.05) group
differences in discrimination performance D and CR+ rate
are marked with asterisks (*) and could be found already
from session 2 on (A,B). No differences between lesioned
and control group were found for the CR− rate (C).
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control animals and showed no significant differ-
ences between the groups (Fig. 4C) (Mann-Whit-
ney U values for sessions 1–14: 14.5, 9.0, 17.5,
18.0, 17.0, 17.5, 11.0, 14.0, 16.0, 9.0, 15.5, 14.0,
13.5, 14.0). Mean crossing times declined from
5.0 ± 1.4 sec in session 1 to 3.0 ± 1.1 sec in session
14 in the lesioned group and from 5.4 ± 2.1 sec to
2.7 ± 1.1 sec in the control group with similar tem-
poral development in both groups yielding no sig-
nificant differences between groups. Intertrial
crossing activity did not differ between groups.

EFFECTS OF LESION ON THE RETENTION OF FM
TONE DISCRIMINATION (EXPERIMENT C)

In experiment C gerbils (n = 11) were trained
prior to the operation to attain asymptotic discrimi-
nation performance with the same stimuli as in
experiment B. Discrimination performances were
significant (Wilcoxon, P < 0.05) for all animals at
least after session 4 but usually after day 2. Bilateral
lesion of auditory cortex was performed by ther-
mocoagulation in seven animals, four animals re-
ceived sham lesions and served as controls. The
operations were carried out after individual dis-
crimination performance was stable for at least
three but no more than six consecutive sessions.
This amounted to session 7 in two lesioned and
two control animals and to session 9 in five le-
sioned and two control animals. To enable consis-
tent treatment of all cases the first session after the
operation will be termed session 1 and used as a
reference in the following report.

Preoperative performance development in
both the lesioned and control group was similar to
earlier results on FM tone discrimination (Wetzel et
al. 1998) and corresponded to the values observed
in the sham-lesioned group in experiment B. No
significant differences existed between these
groups; Kruskal-Wallis H test statistics for the
seven sessions preceding operation (3.1, 0.8, 1.6,
0.9, 1.8, 0.3, 3.0, respectively) all remained well
below x2

df= 2;P # 0.05 = 5.99. Performance in-
creased over time and reached a plateau at ∼70%
discrimination performance (Fig. 5A). The devel-
opment of performance over time in both lesioned
and untreated animals is typically a result of a more
or less monotonically increasing CR+ rate (Fig. 5B)
and a biphasic rise–fall time course of the CR− rate
reflecting an initial tendency for stimulus generali-
zation followed by a later phase of improved dis-
crimination (Fig. 5C). The larger variances of the D
measure and CR+ rate in sessions −9 and −8 is

reflective of the smaller number of cases in these
two sessions compared to subsequent sessions (see
above).

Bilateral lesion of auditory cortex significantly
reduced performance in FM tone discrimination
whereas sham-lesion controls showed no effect.
Differences in group means of performance level D
remained significant (Mann-Whitney U, P < 0.05,
Ucrit;n1 = 4;n2 = 7;P < 0.05 = 3) for 5 sessions after le-
sion (Fig. 5A); (U statistics for the 13 sessions fol-
lowing operation: 3, 3, 2, 3, 3, 10, 10, 5, 5, 3, 7, 3,
9). A separate analysis of CR+ rate and CR− rate
revealed that discrimination performance declined
not because of a reduced CR+ rate but because of
an increased CR− rate induced by lesion (Fig.
5B,C). This is reciprocal to the lesion effect on
discrimination performance observed in experi-
ment B. Group variances of CR+ rate were less
effected by lesion than those of the CR− rate. Sham
lesion had no effects on group means or variances
of either CR+ rate or CR− rate. There were no
significant effects on crossing times: Over preop-
erative sessions −9 to −1 crossing times were
gradually reduced from 5.3 ± 2.0 sec to 2.6 ± 1.3
sec in the lesioned group and from 3.7 ± 1.3 sec to
2.5 ± 1.2 sec in the sham-lesioned group. In post-
operative session 1 crossing times were 3.7 ± 1.6
sec and 2.8 ± 1.2 sec for the lesioned and the sham-
lesioned group, respectively. Lesion had no effect
on the inter-trial activity.

As in experiments A and B, group means of
discrimination performance, CR+ rate and CR−
rate well reflected the data obtained for the indi-
vidual animals except for one case (Fig. 6). This
gerbil developed normal discrimination perfor-
mance (D measure ∼70% in the last four sessions
preceding operation). Performance declined to
17% in the first session after operation and re-
mained close to zero for rest of the observation
time (15 sessions), that is, did not show the typical
recovery. The initial decline was due to a decrease
of CR+ rate rather than increase of CR− rate. This
behavior remained through the second session.
From session 3 on both CR+ and CR− rate in-
creased to levels >60% for the next seven consecu-
tive sessions and then were reduced to rates <60%.
This exceptional behavior seemed to reflect a
stable generalization across both conditioned
stimuli unlike the reacquisition of discrimination
performance seen in the other animals. Because
the FDG analysis of the lesion showed proper lo-
calization and extent corresponding to all other
animals this gerbil was not excluded from the
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analysis. The low discrimination performance
from session 2 on was caused by a striking co-
variance between CR+ rate and CR− rate. Be-
cause an outlier test performed on the change
of discrimination performance from pre-opera-
tive to post-operative performance confirmed
the aberrant behavior in this animal (Dixon outlier
test, M = 0.581 > Mcrit;n = 7 = 0.507) we also cal-
culated the Mann-Whitney statistic for a difference
in discrimination performance between the le-
sioned and control group with the aberrant ani-
mal removed. Because of the extreme location
of the values contributed by the outlier animal
the rank statistics of the corrected sample re-

mained unchanged. For the one-sided test with
Ucrit;n1 = 6;n2 = 4;P # 0.05 = 3 specified significances
in Figure 5 remain the same.

Discussion

The results of the present study show that bi-
lateral ablation of auditory cortex in Mongolian ger-
bil has no effect on the acquisition of differentially
conditioned GO/NO-GO responses to pure tones.
However, lesion impairs the acquisition of differ-
entially conditioned responses to FM tones by re-
ducing rate of development and asymptotic level of
the CR+. In pretrained animals bilateral auditory

Figure 5: Comparison of lesion effects on
discrimination performance D (A), CR+ rate
(B), and CR− rate (C) in a previously trained
group (experiment C). (d) Lesioned gerbils;
(s) sham-lesioned controls. Plotted are the
group means plus standard errors of means
against training session number relative to
the time point of lesion operation (vertical
bar). (A) After the cortical ablation discrimi-
nation performance was reduced from
>60% to <30%. Performance was reduced
for all subsequent sessions and reached sig-
nificance (Mann-Whitney U, P < 0.05, indi-
cated by asterisks, *) for 5 consecutive ses-
sions after the operation. CR+ rate was not
significantly affected by cortical ablation
(B). The CS− rate showed a significant (*)
increase in the lesioned group compared to
controls for the entire observation time of
15 sessions (C).
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cortex ablation impairs the retention or retrieval of
FM tone discrimination by increasing the CR−. The
results are interpreted to indicate more relevant
involvement of auditory cortex in discrimination
and/or differential conditioning to FM tones than
in discrimination and/or conditioning to pure
tones. In the following discussion we first attend to
interpretative problems of the lesion method as
related to the present study and then focus on the
role of auditory cortex in the studied experimental
paradigm.

LESION METHOD

In addition to the recording and electrical
stimulation of neuronal activity, lesion studies con-
stitute an important method to demonstrate physi-
ological involvement of localized brain areas for
sensory processing, behavioral functions, learning,
and memory (Thompson 1983; Olton 1986; Isaac-
son 1988) despite the principal incapacity of the
lesion method to identify the lesioned brain areas
as essential for these functions (e.g., Grobstein
1990). The latter fact might in part explain the
divergent views reported in the literature about the
relevance of auditory cortex in learning and sen-
sory discrimination as deduced from results of le-
sion experiments. A more general agreement about
the role of auditory cortex on the basis of lesion

experiments, however, is hampered by differences
in experimental species, conditioned stimuli and
the particular discrimination task, and details of the
behavioral procedure as well as extent and local-
ization of lesion across studies. For all of these pa-
rameters critical involvement in determining effec-
tiveness of lesion have been demonstrated (see be-
low). A further complication in the attempt to
delineate the role and relevance of auditory cortex
in FM tone processing with lesions lies in the fact
that it is not clear if interference with learning and
memory mechanisms or rather a sensory, emo-
tional, or motor aspect of the task or even a par-
ticular interaction between any of these aspects is
mainly responsible for observed performance defi-
cits. The remaining part of this subsection ad-
dresses these objections individually.

To what extent effects of auditory cortex le-
sions reflect deficits in sensory processing, particu-
larly in hearing thresholds, is still debated. Early
work pointed to an ineffectiveness of auditory cor-
tex lesions in destroying performance in auditory
tasks involving detection of sound onset (Kryter
and Ades 1943; Meyer and Woolsey 1952), change
in sound intensity (Raab and Ades 1946; Rosenz-
weig 1946; Oesterreich et al. 1971) or change in
tone frequency (Butler et al. 1957; Goldberg and
Neff 1961). It was concluded that auditory cortical
ablations had no effect on the absolute thresholds
(e.g., Neff et al. 1975). More recently, the role of
auditory cortex for hearing thresholds has been
reconsidered on the basis of refined experiments
with Japanese Macaques revealing clear effects on
hearing thresholds (Heffner and Heffner 1986,
1989a,b, 1990a) as have been reported for auditory
cortex damage in humans (e.g., Michel et al. 1980;
for review, see Graham et al. 1980). Despite the
fact that the question of lesion effects on hearing
thresholds is not finally settled it is unlikely that
potential threshold effects played any major role in
the impairment of FM tone discrimination reported
in the present study as pure tone discrimination
was not at all affected. It is nevertheless conceiv-
able that a purely sensory aspect of FM tone dis-
crimination not occurring in pure tone discrimina-
tion caused for the observed effects (see below).
Such a discrimination deficit should, however, per-
tain to stimulus selectivity rather than stimulus sen-
sitivity as indicated by hurdle crossing elicited by
both the CS+ and the CS− in experiment C.

In the present study, it is unlikely that emo-
tional, motivational, or motor disturbances poten-
tially induced by the lesion played a role in the

Figure 6: Aberrant time courses of discrimination per-
formance D (l), CR+ rate (j), and CR− (h) rate of one
gerbil that received bilateral lesion of auditory cortex
after FM tone discrimination training. Before the bilat-
eral auditory cortex ablation this animal showed normal
development of FM tone discrimination (session with
negative indices). From session 2 on after the ablation
this gerbil showed a high covariance between CR+ rate
and CR− rate yielding a discrimination performance D
close to zero, which was atypical for the other animals.
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observed effects. Motor disturbances or a motiva-
tion deficit to avoid the US can be ruled out be-
cause of the unaffected hurdle crossing behavior in
response to the CS+ after the lesion and the inef-
fectiveness of the lesion to interfere with the dis-
crimination of pure tones in experiment A. It is
also unlikely that arousal might have played a sig-
nificant role in the observed failure to inhibit the
CR− after the lesion in experiment C as no parallel
effect on the CR+ rate could be observed nor was
the intertrial crossing rate increased after the le-
sion.

Generally, effects of auditory cortex lesion de-
pend on the particular task used for testing perfor-
mance. This has been noted in sound source local-
ization paradigms (Heffner 1978; Heffner and Mas-
terton 1978; Kelly and Glazier 1978; Kelly 1980;
Kelly and Kavanagh 1986; Beitel and Kaas 1993;
Beitel 1997) where it seems that the effect of cor-
tical lesions depends specifically on the paradigm’s
demand on the animal’s ability to integrate spatial
sensory information with certain motor responses
(e.g., Phillips and Gates 1982) and the specific per-
ceptual realization that sounds are associated with
locations in space (Heffner and Heffner 1990b). In
the present study, even under the assumption that
purely sensory lesion effects played no role for the
performance deficits, it is conceivable that specifi-
cally the integration of FM tone perception with
the particular motor response but not the integra-
tion of pure tone perception with the motor re-
sponse was impaired. The problem that the in-
volvement of deficits in discrete functional con-
cepts such as sensory processing, sensomotor
integration, or learning and memory frequently are
not delineated satisfactorily by lesion studies is
generally noted (e.g., Colombo et al. 1990) but usu-
ally attributed to the limited experimental possibili-
ties of separation of potentially effective variables.
It should not be overlooked, however, that such
functional entities are to a degree arbitrarily de-
fined and need not in all cases be reflected in neu-
rophysiological mechanisms in the form of simple
one-to-one relations.

DIFFERENTIAL EFFECTS OF LESION ON AQUISITION
OF PURE TONE DISCRIMINATION AND FM TONE
DISCRIMINATION

The observation that bilateral auditory cortex
ablation in the Mongolian gerbil does not impair
performance of pure tone discrimination is in cor-
respondence with reports on other species (e.g.,

rat: LeDoux 1990; cat: Meyer and Woolsey 1952;
Thompson 1960; Goldberg and Neff 1961; Dewson
1964; Kelly 1973; monkey: Evarts 1952; Massopust
et al. 1965). In contrast, it was reported for rabbits
that auditory cortex ablation affects acquisition
(Teich et al. 1988), retention (Jarrell et al. 1987),
and extinction (Teich et al. 1989) of heart rate
conditioning to pure tones. Such differing results
could reflect species differences as well as differ-
ences in the CRs and the experimental methods to
assess them. Specifically, it is not self evident that
the acquisition of a conditioned autonomic re-
sponse, such as a change in heart rate, and the
acquisition of a complex motor response, as in the
present experiment, make similar demands on the
auditory cortex in a given species. Moreover, for a
given species, even if the motor response required
by a task is the same, the effectiveness of cortical
lesion in impairing performance in pure tone dis-
crimination still depends on details of the behav-
ioral procedure. It is known, for example, that re-
learning of frequency discrimination after bilateral
auditory cortex ablation in cats was possible if
training required response to a change of stimulus
from a constant background stimulation but did
not occur if training was based on a GO/NO-GO
logic or used false alarm punishment (Thompson
1960; Neff 1961). It was generally observed that
both acquisition and performance level suffer from
auditory cortical lesions more in discrimination
tasks than in detection tasks (Elliott and Trahiotis
1972).

In the present study it cannot be finally ex-
cluded that lesion-induced failure in FM tone dis-
crimination is based on a failure to discriminate
very brief pure tones that might be selected by the
animal from any segment the FM tone, for ex-
ample, the beginning or the end of the FM tone.
However, despite the multivariate dependence of
the effectiveness of bilateral auditory cortex abla-
tion, the general view has emerged that cortex ab-
lation seems to affect discrimination of more com-
plex stimuli to a higher degree than discrimination
of simpler stimuli. For example, Dewson (1964)
found that bilateral ablation of the insulotemporal
cortex in the cat destroyed the ability to discrimi-
nate vowels but not the frequency discrimination.
Kelly (1973) demonstrated (1) ineffectiveness of
bilateral insulotemporal cortex lesions to block
tone onset detection and pure tone frequency dis-
crimination, (2) a detectable but moderate impair-
ment of FM tone discrimination, and (3) nearly
complete abolishment of two-tone sequence dis-
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crimination. Cranford et al. (1976) reported unaf-
fected hearing thresholds but impairment in click
rate discrimination after bilateral auditory cortex
ablation in cats. Waikita (1996) found that neona-
tally lesioned rats show no deficits in tone presen-
tation detection but clear deficits in pulse rate dis-
crimination. Our finding that differential condition-
ing to FM tones is impaired by auditory cortical
ablations, whereas differential conditioning to
pure tones is not, is in basic correspondence with
this view. Specifically, it suggests that in the gerbil,
auditory cortex is involved in a particular sensory,
sensomotor integrative, or learning- and memory-
related aspect of FM tone processing that is not
recruited with the same relevance in pure tone
processing.

The question of which characteristic of FM
tones, not present in pure tones, might be respon-
sible for this difference arises. It has been noted
that even relatively small cortical lesions are par-
ticularly destructive if the task involved the dis-
crimination of auditory stimuli that differed only in
the temporal order of stimulus components (Elliott
and Trahiotis 1972). This is particularly evident in
the effectiveness of auditory cortex lesions to in-
terfere with discriminations between sequences of
pure tones (Diamond and Neff 1957; Kelly 1973).
To explain this fact Neff (1961) suggested that
stimuli that differ only in the temporal order of
their components might activate largely the same
subsets of neurons in the auditory cortex only in
different temporal order. Under this precondition,
a small lesion, when properly placed, might inter-
fere with the discrimination of such stimuli more
than with the discrimination of stimuli that activate
different neural assemblies (see also Sakurai 1998).
This view was supported by the finding that the
effects of cortical lesion on the discrimination of
stimuli that differ only in their duration resembles
the effects for pure tone pattern discrimination
(Scharlock et al. 1965). We are presently investi-
gating to what extent time-mirroring of a linearly
FM tone changes the spatial and temporal charac-
teristics of an excited neuronal population in gerbil
auditory cortex and how these different represen-
tations might be changed by FM tone discrimina-
tion learning. It is known from the auditory cortex
analog of the chick that FM tones that differed in
the direction of frequency modulation elicited
metabolic labeling patterns that slightly differed in
the position along the tonotopic axis (Heil and
Scheich 1992).

The failure of bilateral auditory cortex ablation

to impair differential pure tone conditioning ap-
pears to be in conflict with results demonstrating
learning-related changes of neuronal activity in au-
ditory cortex. This results include the demonstra-
tion of learning-induced distortions in cortical
maps (Gonzalez-Lima and Scheich 1986; Recan-
zone et al. 1993; Scheich et al. 1993b, 1997), in-
creases of (CS+)-evoked firing probability relative
to CS− pure tones (Edeline et al. 1993; Weinberger
et al. 1993), complex patterns of increases and de-
creases of (CS+)-evoked firing probability (Kraus
and Disterhoft 1982; Diamond and Weinberger
1989; Ohl and Scheich 1996), enhancement of
spectral gradients of single unit’s receptive fields in
the local neighborhood of the CS+ frequency (Ohl
and Scheich 1996), as well as learning-induced
temporal modulations of firing probability (Ohl
and Scheich 1997a). Although the present results
rule out an essential contribution of cortical plas-
ticity to acquisition of pure tone discrimination in
the used paradigm, it is conceivable that plastic
effects in auditory cortex serve other functions
that are not recruited in the present task. There are
no data available yet about cortical single unit plas-
ticity during differential conditioning to FM tones.
However, the temporal modulations of firing prob-
ability observed by Ohl and Scheich (1997a) indi-
cate the existence of plastic excitatory and inhibi-
tory influences on cortical units that interact with
each other on a fast (millisecond) time scale. These
plastic interactions might play a role in learning FM
tone discrimination and contribute to the higher
relevance of auditory cortex in this task as com-
pared to pure tone discrimination.

The sometimes observable tendency for re-
learning the FM discrimination indicates that it is
possible for other brain structures than auditory
cortex to mediate a modest degree of FM discrimi-
nation. Generally and across cases however a slight
and slow increase of discrimination performance
did not attain the level of the control animals (Fig.
5A).

DIFFERENT EFFECTS OF LESION ON FM TONE
DISCRIMINATION BETWEEN THE AQUISITION
AND THE RETENTION EXPERIMENT

Experiments B and C revealed impairment of
acquisition and retention measures of FM tone dis-
crimination, respectively, after bilateral auditory
cortex ablation. The impairment was however due
to different mechanisms in both cases. Whereas in
the case of acquisition training the lesion affected
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CR+ rate development and asymptotic level, in the
retention experiment the effect was due to an in-
creased CR− rate. This result is similar to the study
of Kelly and Whitfield (1971) on effects of auditory
cortex lesions on FM tone discrimination in the
cat. The authors used a “detection discrimination”
task, that is, animals had to detect a change from a
sequence of FM tone pulses with rising frequency
(safe signal) to a sequence of FM tone pulses with
falling frequency (warning). It was found that le-
sion impaired acquisition of FM tone discrimina-
tion in previously untrained cats mainly by delay-
ing development and reducing level of reactions
toward the warning signal without increasing reac-
tions toward safe signal. Although lesions in
trained cats also reduced CR+ rates the authors
demonstrated increased CR− rates not seen in the
animals that were naive prior to lesion. Similar ef-
fects were described in a subsequent study com-
paring lesion effects on FM tone discrimination
with discrimination of sequences of two pure
tones (Kelly 1973).

These observations are compatible with the
hypothesis of a cortical role in inhibiting the CR−
during retention (or retrieval). This interpretation
was also favored to explain results in differentially
conditioned bradycardia in the rabbit (Jarrell et al.
1987). However, in the acquisition of differential
heart rate conditioning (Teich et al. 1988), it was
found that ablation-induced loss of conditioning
was also due to an increase of CR− rates rather
than a decrease in CR+ rate as in the present ex-
periment. With respect to differentially condi-
tioned bradycardia in the rabbit our results re-
semble more the effects of lesioning the medial
part of the medial geniculate nucleus than of le-
sioning the auditory cortex. These thalamic lesions
attenuated the CR+ in the acquisition experiment
(Jarrell et al. 1986) and increased the CR− in the
retention experiment (Jarrell et al. 1987). This re-
sult was interpreted by the authors as a differential
involvement of the medial division of the medial
geniculate nucleus in acquisition and retention
training. It is conceivable that a similar difference
was operative in producing the differential effects
in experiment B and C in the present study.

Without reference to learning and memory ef-
fects, the results are compatible with the hypoth-
esis of a sensory deficit induced by the ablation
affecting FM tone selectivity and not FM tone sen-
sitivity. Under this hypothesis, in the lesioned na-
ive animals (experiment B) the acquisition rate and
level were reduced because the animals would en-

counter difficulty in discriminating the CS+ and the
CS−. They would still realize the onset of a per-
ceived but not discriminated conditioned stimulus.
Because the latter would signal the onset of an US
in only 50% of the cases a reduced tendency to
acquire hurdle crossing behavior would be ex-
pected (Fig. 4B). The trained animals (experiment
C), however, have already adopted the strategy of
hurdle crossing to avoid foot shock after CS+ pre-
sentation. If now the lesion would interfere with
the discrimination of CS, a broader generalization
across stimuli could be the consequence leading to
an increased tendency for hurdle crossing already
after CS− presentation (Fig. 5C).

In summary, it appears evident that the audi-
tory cortex in the Mongolian gerbil plays a more
important role in discrimination and/or discrimina-
tion learning of FM tones than of pure tones. This
role could either be of a more sensory nature or
more related to learning and memory mechanisms.
The former case implies that lesion impairs the
sensitivity less than the selectivity to FM tones. In
the latter case differential lesion effects on acqui-
sition and retention have to be postulated. Because
the understanding of the role of a brain structure
seems to depend on the proper apprehension of
the roles of other interacting structures, as has
been exemplified for example in eye-lid condition-
ing (e.g., Thompson 1997) or classical fear condi-
tioning (LeDoux 1990, 1993), a more precise char-
acterization of the nature of the auditory cortical
role in FM tone discrimination learning and perfor-
mance must await further analysis of the remaining
circuits involved.
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